CGG) n repeat expansion in the FMR1 gene is associated with fragile X syndrome and other disorders. Current methods for FMR1 molecular testing rely on Southern blot analysis to detect expanded alleles too large to be PCR-amplified and to identify female homozygous alleles that often confound interpretations of PCR data. A novel , single-tube CGG repeat primed FMR1 PCR technology was designed with two genespecific primers that flank the triplet repeat region, as well as a third primer that is complementary to the (CGG) n repeat. This PCR was evaluated with 171 unique DNA samples, including a blinded set of 146 clinical specimens. The method detected all alleles reported by Southern blot analysis , including full mutations in 66 clinical samples and comprised up to 1300 CGG. Furthermore , a blinded cohort of 42 female homozygous and heterozygous specimens , including 21 with full mutation alleles, was resolved with 100% accuracy. Last, AGG interrupter sequences , which may influence the risk of (CGG) n expansion in the children of some carriers , were each correctly identified in 14 male and female clinical samples as referenced to DNA sequencing. As a result , this PCR provides robust detection of expanded alleles and resolves allele zygosity, thus minimizing the number of samples that require Southern blot analysis and producing more comprehensive FMR1 genotyping data than other methods
Expansion of cytosine-guanine-guanine (CGG) triplet repeats in the 5Ј-untranslated region of the fragile X mental retardation 1 (FMR1, NM_002024.4) gene is associated with several disorders, including fragile X syndrome, fragile X-associated tremor/ataxia syndrome, and fragile X-associated primary ovarian insufficiency. [1] [2] [3] [4] Patients with the FMR1 full mutation (Ͼ200 CGG repeats) may be affected by a range of neurological, psychiatric, or emotional challenges, including mental retardation and/or autism. 5 Deficits in development and particularly in attention and social communication have also been noted for many children with the FMR1 premutation. Moreover, premutation carriers (55 to 200 CGG repeats) are known to be at risk for fragile X-associated primary ovarian insufficiency and fragile X-associated tremor/ataxia syndrome, and some of these individuals may present additional complications, such as hypothyroidism and fibromyalgia. 6 As a result, FMR1 disorders are linked to a range of clinical conditions, necessitating testing patients at different times during their life span. 7 Fragile X syndrome molecular diagnosis is usually based on quantification of the (CGG) n repeat elements and the assessment of the methylation state of expanded alleles. 5 Although PCR is the preferred approach to determine the (CGG) n repeat length of FMR1 alleles, typically only alleles with less than 100 to 150 CGG have Supported in part by awards from the Eunice Kennedy Shriver National Institute of Child Health and Human Development (grants R43-HD060450 to A.H., HD02274 to F.T., and HD040661 to P.J.H.). been amenable to PCR amplification. However, a recent publication by our group has demonstrated that full mutations composed of more than 1000 CGG can be reproducibly amplified using a novel PCR technology. In addition, this PCR detected all categories of alleles in concordance with the results of Southern blot analysis from a cohort of nearly 150 blinded clinical samples. 8 We also previously described a repeat primed PCR method that can reliably categorize FMR1 alleles throughout the mutation range in both males and females on a number of different DNA templates (including genomic DNA and blood spots). 9 -11 This PCR used a chimeric primer that hybridized internally to the triplet repeat segment and was incorporated into a ladder of products that appeared as a smear on an agarose gel when an expanded allele was present. Here we describe the performance of a three-primer CGG repeat primed (RP) FMR1 PCR method that represents an improved and optimized assay design for use with capillary electrophoresis (CE). This threeprimer configuration offers several advantages over the earlier design 10 and reveals additional molecular information that can resolve commonly encountered limitations in FMR1 analyses.
Materials and Methods

Clinical and Cell Line DNA Samples
Clinical whole blood specimens were procured from patients evaluated at the M.I.N.D. Institute Clinic, after informed consent was obtained and according to an approved institutional review board protocol. Genomic DNA from clinical samples was isolated from peripheral blood leukocytes using the Gentra Puregene Blood Kit (Qiagen, Germantown, MD). Purified DNA was provided in a coded format before PCR amplification at Asuragen, Inc., and thus the results of any other testing (eg, Southern blot analysis) were unknown to the technician who processed the samples. A total of 146 blinded clinical specimens were sent to Asuragen, Inc. for PCR analysis. All cell line DNA templates were obtained from the Coriell Cell Repositories (Coriell Institute for Medical Research, Camden, NJ). Before PCR, clinical and cell line DNA samples were quantified using a NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE) and diluted in 10 mmol/L Tris and 0.5 mmol/L EDTA, pH 8.8, to 20 ng/l before PCR and stored at Ϫ15 to Ϫ30°C.
CGG RP FMR1 PCR
PCR was performed to interrogate the number of CGG repeats in the 5Ј-untranslated region of the FMR1 gene, NM_002024.4:c.1-131CGG[1_n], where n represents the variable number of repeats in this region along with interspersed adenine-guanine-guanine (AGG) interruptions. Samples were PCR-amplified by preparing a master mix containing 11.45 l of GC-rich AMP buffer (no. 49387), 1.5 l of FAM-labeled FMR1 primers (no. 49386), 0.5 lo fFMR1 CGG primer (no. 49393), 0.5 l of nuclease-free water, and 0.05 l of GC-rich polymerase mix (no. 49388) from Asuragen, Inc. (Austin, TX). The genespecific primer sequences were published previously, 8 and the CGG-specific primer followed the design of the sequence provided by Tassone et al 10 with a (CGG) 5 anchor sequence. A master mix of these reagents was vortexed before dispensing to a microtiter plate (96-or 384-well plates, Phenix Research Products, Chandler, NC). Aliquots of the DNA sample, typically 2 la t2 0 ng/l, were transferred to the plate. Sealed plates (Aluminum film sheets, Phenix Research Products) were vortexed, centrifuged, and transferred to a thermal cycler (9700, Applied Biosystems, Foster City, CA). Samples were amplified with an initial heat denaturation step of 95°C for 5 minutes, followed by 10 cycles of 97°C for 35 seconds, 62°C for 35 seconds, and 68°C for 4 minutes, and then 20 cycles of 97°C for 35 seconds, 62°C for 35 seconds, and 68°C for 4 minutes with a 20 second autoextension at each cycle. The final extension step was 72°C for 10 minutes. After PCR, samples were stored at Ϫ15 to Ϫ30°C and either protected from light before analysis or analyzed immediately by CE.
Generation of Model "Unamplifiable" Full-Length CGG Repeat PCR Products
Templates used to model CGG RP PCR amplification in the absence of full-length PCR products were created as follows: i) PCR products from Coriell Cell Repositories genomic DNA templates containing ϳ550 CGG (NA07862), ϳ645 CGG (NA04025), and ϳ940 CGG (NA09237) were prepared by amplification with FMR1 forward primer 12 in combination with reverse primer (no. 49386, Asuragen, Inc.) and amplification reagents and conditions described previously. 8 ii) The full-length PCR products were then gelpurified and quantified by UV spectrometry and diluted to 6 ϫ 10 3 copies/l (ie, a copy number equivalent to 20 ng/l gDNA). The diluted material, lacking a primer binding site for the forward primer, 8 was subsequently used as a template in CGG RP PCR as described above.
Agarose Gel Electrophoresis
A total of 6 l of the PCR was combined with 3 lo f3 ϫ AGE loading dye (15% glycerol and 0.25% bromphenol blue, Sigma, St. Louis, MO), and all 9 l was loaded on a 1.75% agarose gel. Gels were stained with SYBR Gold 10000X (Invitrogen, Carlsbad, CA) and imaged with UV light using an Alpha Innotech FluorChem 8800 Imaging Detection System (Alpha Innotech, San Leandro, CA).
Capillary Electrophoresis
All amplicons were evaluated on an ABI 3130xl Genetic Analyzer (Applied Biosystems, Foster City, CA) as described. 8 with the exception that 1 l of unpurified PCR products was mixed with 12 l of Hi-Di Formamide (Applied Biosystems) and 2 l of a ROX 1000 Size Ladder (no. 46083, Asuragen, Inc.). Samples were heat-denatured at 95°C for 2 minutes followed by cool-ing on ice before transfer to the CE instrument. CE rather than agarose gel electrophoresis is the preferred method for analyzing the FMR1 amplification products of CGG RP PCR.
Data Analysis
PCR products detected by CE were analyzed using Gene-Mapper 4.0 software (Applied Biosystems) or Peak-Scanner 1.0 (Applied Biosystems). 8 Absolute triplet repeat quantification was accomplished by enumerating CGG-specific peaks beginning with the lowest molecular weight amplicons (corresponding to 5 CGG) and continually counting until the (CGG) n peak morphology was lost. If the full-length amplicon peaks overlapped with the (CGG) n repeat products, the expected spacing of adjacent (CGG) n peaks was used to estimate the corresponding (CGG) n number. Fragment sizing of full-length amplicons in nucleotides was estimated according to 230 ϩ 3 ⅐ (CGG) n , where n is the number of CGG repeats. Interspersed AGG sequences were identified in the electropherogram by the relative location of signal "dips" in an otherwise uninterrupted series of (CGG) n repeat product peaks.
DNA Sequencing
Genomic DNA was PCR-amplified with Asuragen GC-Rich AMP buffer (no. 49387) with previously described FMR1 primers. 9 The PCR products were purified by a QIAquick PCR Purification Kit (no. 28104, Qiagen), and the DNA concentration was determined with the Nano-Drop spectrophotometer. DNA sequencing reactions were completed with 2 to 5 ng of purified PCR products using BigDye Terminator v3.1 Cycle Sequencing Kits (Applied Biosystems).
Southern Blot Analysis
Southern blot analysis was performed as described. 10 Results were blinded to Asuragen, Inc. until the files with the PCR results were transferred to the University of California Davis.
Results
Absolute CGG Repeat Quantification in Cell Line Genomic DNA Templates
CGG RP PCR is primarily distinguished from a more conventional two-primer, gene-specific PCR by the addition of a third PCR primer that is complementary to the FMR1 triplet repeat region ( Figure 1 ). Examples of product profiles produced using this approach with cell line genomic DNA (gDNA) are shown in Figure 2 . For each template, two distinct populations of amplicons were produced and resolved by CE. The first population represented full-length amplicons generated from the gene-specific forward and reverse primer pair. A second population of amplicons represented a collection of CGG-specific products generated by amplification with the triplet repeat oligodeoxynucleotide Inset: graphs offer a higher resolution view of the underlying data (see arrows). Determination of the number of CGG repeats was provided through absolute quantification, and compared with fragment sizing of the full-length amplicon ( Table 1 ). The Coriell Cell Repositories catalog number for each template is provided on each electropherogram. The CGG number indicated with the corresponding arrow is the repeat number determined by counting the triplet repeat product peaks, whereas the number placed by the prominent gene-specific peak is the repeat number computed from fragment sizing of the full-length amplicon. PM or FM, gene-specific amplicons corresponding to the amplification of premutation or full mutation alleles, respectively.
592 Chen et al JMD September 2010, Vol. 12, No. 5 primer. For example, the top left electropherogram of Figure  2A profiles both populations of amplicons produced from a normal male hemizygous template with 30 CGG repeats. The first group of peaks on the left corresponds to the shorter PCR products generated by the CGG repeat primer and FAM-labeled reverse primer. In this group, three sets of five or six peaks differing by 3 bp were detected with two interspersed gaps approximately 15 bp wide. In addition, an intense product band corresponding to the full-length amplicon was produced as a result of amplification with the two gene-specific primers. This product encompassed the entire 30 CGG tract, including both 5Ј and 3Ј flanking regions.
The PCR products generated with the CGG repeat primer were also used to quantify the number of triplet repeats in each allele. Consider again the example of the 30 CGG male template (Figure 2A ). Because the repeat primer comprised 5 complementary CGG repeats, the first product peak corresponded to amplicons with exactly 5 CGG repeats. The gap between the first 5 peaks and the next set of the 5 most intense peaks reflected interference by an intervening AGG sequence (see below). This gap was equivalent to 5 CGG repeats, that is, the span of the repeat primer as it interrogated each possible position for hybridization (which was compromised at each repeat unit in the primer by mismatches of the template AGG with the CGG primer sequence). The next set of 5 peaks revealed a marked increase in signal intensity as the repeat primer bound to sites beyond the "clash" of the AGG interrupter. Another gap in the trace, corresponding to a second AGG, was then observed followed by a third group of amplicons. Counting from left to right and starting with 5 CGG repeats, there were 16 product peaks and two gaps of 5 CGG equivalents corresponding to 30 total triplet repeats. This number of repeat units was identical to the known (CGG) n repeat length for this allele as verified by DNA sequencing and also to the repeat length calculated from the mobility of the full-length product peak after capillary electrophoresis.
A number of other examples of similar CGG RP PCR product profiles, with both male and female samples and including normal, intermediate, and premutation alleles, are shown in Figure 2 , A and B. In each case, the genespecific peak was sized in comparison with a DNA reference (ie, the ROX-labeled standard ladder) and converted to a defined repeat length. Sizing of the full-length peak was in agreement with the (CGG) n product peak counting method that is described above ( Table 1) . This absolute quantification approach was free from the need for a reference calibration standard, such as the internal ROX standard. The accuracy of triplet repeat quantification using this approach was well correlated to the results of Amos Wilson et al 13 using published fragile X consensus materials ( Table 1) . For example, determination of the (CGG) n repeat length exactly matched 12 of 14 FMR1 alleles whose consensus length were previously determined. 13 The remaining two alleles differed by 1 CGG (74 versus 73 CGG) or 3 CGG (83 versus 80 CGG) repeats.
For longer alleles, individual (CGG) n repeat peaks could be quantified up to at least 200 CGG for each of eight full mutation templates characterized in Figure 2 . Absolute quantification was limited to ϳ200 to 220 CGG with the CE configuration used, thus permitting identification of expanded repeats into the full mutation range. All full mutation cell line templates were amplified by the flanking gene-specific primers to produce full-length amplicons corresponding to up to at least 940 CGG repeats.
The reproducibility of the CGG RP PCR was assessed using replicate measurements of the same sample with different operators, thermal cyclers, and days of reagent and sample preparation. A DNA template composed of an admixture of 20% 940 CGG gDNA in a background of 80% 23 CGG gDNA 8 was evaluated in this repeatability testing. The data were assessed using four criteria: size of the full-length 23 CGG allele, signal of the repeat primed product corresponding to 100 CGG, an assessment of the longest repeat primed amplicons with at least 10 reflectance fluorescence units (rfu) (approximately two to threefold greater than the baseline signal), and the peak height of the full-length 940 CGG allele. Six replicate tests across two operators, two thermal cyclers, and 2 days of testing yielded a 100% pass rate for all data collected, and thus amplicons corresponding to both the 23 and 940 CGG allele were detected in every case. In addition, the following was observed: i) the fragment size of the 23 CGG full-length allele was 298.4 Ϯ 0.2 bp; ii) an average signal of 110 Ϯ 30 rfu was computed for amplicons with 100 CGG repeats; iii) the largest detectable repeat primed products exceeding 10 rfu were 720 Ϯ 30 bp, corresponding to approximately 190 CGG repeats in all replicates; and iv) an average signal of 310 Ϯ 75 rfu was determined for the peak corresponding to the full-length 940 CGG allele. Thus, this method generated highly reproducible and accurate quantification across a range of repeat lengths, with alleles from both male and female samples.
CGG Product Profiles Provide a Unique Signature for Female Heterozygous Alleles That Can Resolve Allele Zygosity
CGG RP PCR generates distinct product profiles for alleles of differing numbers of (CGG) n repeats. As a result, the method can theoretically differentiate heterozygous and homozygous female samples. To demonstrate this capability, 42 blinded female specimens comprising both homozygous and heterozygous samples were assessed by CGG RP PCR. All 42 samples were correctly identified, based on comparisons to Southern blot data (accuracy for detection of homozygous alleles ϭ 100.0% [95% confidence interval 91.6 to 100.0%]). This sample cohort included 21 heterozygous full mutations, 11 heterozygous normal alleles, and 10 homozygous samples with (CGG) n repeat numbers in the normal range. Figure 3 provides results from six representative samples, including four from blinded clinical samples that illustrate the stark differences in the PCR product profiles of alleles of varying zygosity. Homozygous templates presented no CGG-specific product peaks after the longest product corresponding to the two identically sized alleles, whereas a series of distinct CGG-specific peaks that extended beyond the shorter allele were observed whenever heterozygous alleles were present.
PCR Performance with Clinical Samples: Comparison of CGG RP PCR and Southern Blot Analysis
The CGG RP PCR method was then evaluated with an additional set of 146 blinded clinical specimens that were previously characterized by FMR1 Southern blot at the M.I.N.D. Institute. 10 All samples were successfully amplified in the first PCR run, resulting in a 100% pass rate. A total of 42 samples were categorized as normal and 3 as intermediate by both PCR and Southern blot methods. Premutation alleles were also co-identified by CGG RP PCR and Southern blot analysis. In addition, Southern blot analysis revealed 66 full mutation specimens. All 66 of these samples were found to possess full mutation alleles by CGG RP PCR, including alleles with up to 1300 CGG repeats and several others with Ͼ1000 CGG. Thus, CGG RP PCR categorized the full range of FMR1 alleles, including full mutations, consistent with the results of Southern blot analysis of the same specimens. In total, 144 of 146 samples were concordant with Southern blot analysis (accuracy for detection of samples with full mutations ϭ 98.6% [95% confidence interval 95.1 to 99.6%]), and 146 of 146 samples were concordant between gene-specific FMR1 PCR 8 and CGG RP PCR (accuracy ϭ 100.0% [95% confidence interval 97.4 to 100.0%]). The two discordant samples both presented readily detectable permutation alleles by gene-specific PCR, CGG RP PCR, and Southern blot analysis but also low-intensity full mutations by the two PCR methods only. The "Submitted CGG repeat number" is that provided to and by CCR for the cell line DNA sample indicated. "Fragment sizing" refers to the determination of the CGG repeat number based upon the mobility of the full-length amplicon of the RP PCR reaction. "Absolute quant" indicates the number of CGG repeats based on peak counting alone.
*This study.
As discussed previously, 8 these results may reflect the increased sensitivity of the PCR reagents for such lowabundance alleles compared with the Southern blot procedure.
Full-Length FMR1 Amplification Is Not Required to Identify Full Mutation Alleles
In theory, the ability of the CGG RP PCR to detect full mutation alleles is not limited by the number of repeats in the DNA template. The combination of the repeat and reverse primer pair interrogate the 3Ј end of the repeat region, and as such these primers should produce a series of amplicons with up to hundreds of CGG irrespective of whether the template is 200 CGG or several thousand CGG. To support this idea experimentally, PCR products were prepared from cell line gDNA templates with approximately 550, 645, and 940 CGG using a previously published FMR1 forward primer 12 in combination with the gene-specific reverse primer (Figure 4 ). Purified and diluted full-length PCR products, lacking a primer binding site for the standard forward primer were then input into a CGG RP PCR. As shown in Figure 4 , full mutation alleles in all three templates were correctly identified, inasmuch as Ͼ220 discrete CGG peaks could be counted in each case even though no full-length amplicon was detected, as expected.
The Specificity of (CGG) n Primer Binding to FMR1 5Ј Untranslated Region Sequences Reveals the Sequence Context of AGG Interruptions
Many FMR1 alleles contain AGG sequences that are interspersed among the (CGG) n repeats, usually in the 5Ј region of the repeat segment. Existing methods to map AGG elements include sequencing and restriction mapping. 14, 15 Both approaches are laborious and are not routinely performed in fragile X diagnostic testing. As described above, the inability of the CGG repeat primer to bind efficiently to AGG sequences in the triplet repeat tract can be exploited to reveal the number and sequence context of such interspersions. An example of the data and subsequent interpretation that yields the AGG interruption sequence is shown in Figure 5 . The analysis required to map such AGG sequences in male samples was straightforward, and the results of such AGG assessments were concordant with DNA sequencing in each of 10 representative male clinical samples ( Figure 6A , Supplemental Table 1 , see http://jmd.amjpathol.org). Figure 6B presents capillary electropherograms of the repeat primed profiles from eight female samples. These results reflected a range of AGG-dependent signal changes, in contrast to the quantitative signal drops observed in AGG elements within male hemizygous templates. The reason for the variability in signals was that female samples are composed of two alleles, and thus the RP PCR profile is a composite of two populations of (CGG) n repeat products. One key difference between the profile of male and female alleles was that this "AGG dip" does not decrease to the level of the baseline noise in female samples unless the AGG positions are exactly overlapping relative to the 3Ј end of the amplicon. Nevertheless, the AGG positions could be determined from the relative position and degree of the signal drop in the heterozygous allele RP PCR profile.
As an example, the number and sequence context of AGG interspersions in samples 81, 106, and 107 were unambiguously resolved. Both homozygous alleles in 81 and 107 present overlapping AGG sequence elements and, thus, as observed in male specimens, the signal of the repeat primed product profile was reduced to baseline for each of the two sets of AGG interrupters. However, sample 106, a sample with one allele of 20 repeats and another of 32 repeats, required a more complex analysis. In this case, two AGG dips were observed. The two heterozygous alleles presented one overlapping AGG relative to the 3Ј end, as evident by the baseline signal intensity of 5 repeat units. A second dip in signal was also observed, corresponding to another AGG unit. This second dip in signal was beyond the 20 repeats of the first allele; thus, this second AGG could only be contributed by the longer 32 CGG allele. At least for this sample, distinct peak counting allowed unambiguous resolution of not only the presence of AGG elements but also their specific allele haplotype.
The AGG positions for the remaining five samples in Figure 6B could be identified but not definitively sequence-mapped based solely on the empirical CGG repeat primed product profile. In the majority of cases, however, the most likely interpretation was correctly inferred from a knowledge of the most common AGG haplotypes. 16 -18 Because AGG interruptions are clustered near the 5Ј end of the repeat segment and are often spaced by 9 or 10 CGG repeats, the AGG interspersions are usually located at either the 10, 20 or 11, 21 positions relative to the starting 5Ј CGG repeat. For example, in sample 108, if the observed 4 AGG dips are each assigned to the allele with 85 CGG, then the resulting sequence, (CGG) 9 AGG(CGG) 9 AGG(CGG) 45 AGG(CGG) 9 AGG(CGG) 9 (ie, a pattern of 10, 20, 66, 76), is inconsistent with known AGG haplotypes. With this logic, the most likely AGG sequence context for each allele of samples 56, 72, 102, and 105 can be deduced. In each case, the most probable genotype was confirmed by other methods, such as DNA sequencing (Supplemental Table 1 
Discussion
Quantification of the number of (CGG) n repeats in the 5Ј untranslated region of the FMR1 gene is central to fragile X molecular diagnostic testing. Although this information can be extracted by determining the length of the amplified fragment after FMR1 PCR, expanded alleles have been historically refractory to such amplification. As a result, FMR1 analyses also require Southern blot methods to size those alleles too large to support efficient PCR. In this report, we described the performance of a CGG RP FMR1 PCR that reproducibly detected full mutations, enabled absolute quantification of (CGG) n repeats, definitively reconciled allele zygosity, and revealed the sequence context of alleles with AGG interspersions. CGG RP PCR was primarily distinguished from the more conventional two-primer, gene-specific PCR by the addition of a third PCR primer that was complementary to the FMR1 triplet repeat region (Figure 1) . This design offered several benefits for FMR1 molecular characterizations compared with current PCR methods.
First, the addition of a repeat primer and analysis using CE permitted absolute quantification of the number of triplet repeats in a given allele. As described for FMR1 10, 19 and other triplet repeat gene targets, 20 the repeat primer bound to each corresponding repeat element and produced a discrete PCR product for every such binding event. As a result, a ladder of amplicons was generated that reported both the number and placement of each repeat unit along the gene. When analyzed by agarose gel electrophoresis, these products appeared as a "smear" that extended up to the length of the longest allele present in the reaction. 10 When analyzed on high-resolution platforms such as CE, however, these products were visualized as distinct peaks separated by three nucleotides. The number of peaks corresponded to the number of underlying molecular repeat units. Thus, the RP peak profile can theoretically provide very accurate (CGG) n repeat quantification. In our study, (CGG) n repeat lengths for 12 of 14 alleles previously characterized in an interlaboratory study of the Fragile Xperts Working Group 13 were identical to those determined using absolute quantification after CGG RP PCR. Discrepancies in the repeat number were 1 or 3 triplet repeats. These differences were observed for both permutationsized alleles and not for shorter alleles. It is important to note that quantification of the number of (CGG) n repeats by peak counting can provide larger repeat lengths than fragment sizing for alleles greater than about 70 CGG. The reason for this difference is that fragment sizing (like DNA sequencing) reports quantification from the most intense peak in the capillary electropherogram, whereas peak counting reveals the repeat number in the smallest peak that is resolved from the background signal and thus the largest detectable peak present in the data. Because PCR products of templates with (CGG) n repeats manifest prominent n-1, n-2, etc., peaks, we propose that the longest peaks in such RP PCR traces more accurately reflect the underlying repeat size of the FMR1 template. As a result, absolute quantification may prove particularly helpful in characterizing reference materials beyond what DNA sequencing can support and for which consensus testing is the only recourse for the standardization of repeat length. 13 Figure 5 . The CGG RP PCR product profile can reveal both the number and sequence context of AGG elements that interrupt the CGG repeat segment. Top: Schematic representation of the impact of defined AGG sequences on the CGG RP PCR product profile for a male 30 CGG allele. Interrupting AGG elements are associated with a loss of product accumulation (and associated signal intensity) for those amplicons whose corresponding CGG primer contacts a templated AGG. Bottom: Annotation of an capillary electropherogram of a male 30 CGG allele with both CGG repeats, and the two interfering AGG sequences. Figure 6 . Identification of AGG interspersions in both male and female FMR1 templates. A: Capillary electropherogram and corresponding sequence context of AGG elements in male FMR1 alleles. The CGG repeat number determined from fragment sizing of the full-length, gene-specific peak is indicated for each gDNA template. B: Electropherogram and corresponding sequence context of AGG elements in female FMR1 alleles. The arrows mark the last CGG repeat associated with each of the two FMR1 alleles for each set of female samples. If the interpretation of the AGG sequence is ambiguous, more than one sequence possibility is given.
Second, the CGG RP PCR repeat profile telegraphed the presence of a longer allele in the amplification, irrespective of whether such an allele could be detected as a full-length product. Again, we note that each of the 66 full mutations assessed in this study was detected as both a full-length amplicon from CGG RP PCR with the two gene-specific primers, as well as through the corresponding pattern of ϳ200 discrete CGG RP products. Thus, the RP PCR product profile provided an autonomous data signature for expanded alleles that may not be amplifiable, whether the reason is that the repeat span is too long to efficiently amplify or that the template is partially degraded, or another reason. This point is important because the RP PCR method generates a signature profile for alleles of any CGG repeat length and thus reconciles the interpretation of confounding female homozygous alleles that are often reflexed to Southern blot analysis for resolution.
Third, interspersed AGG elements that are known to be present in many FMR1 alleles were mapped with high precision in many cases ( Figures 5 and 6 ). Because the CGG repeat primer bound poorly to noncomplementary sequences, distinctive allele-specific changes in signal intensity could identify the presence and context of AGG sequence units. Knowledge of the number and spacing of AGG elements has been proposed to be associated with an elevated risk profile in some fragile X carriers, and it has been suggested that the risk profile for mothers with no AGG interspersions and small premutations may be higher than that for mothers with the same number of repeats but with at least one AGG and thus fewer consecutive (CGG) n sequences. 14, 17, 21, 22 In fact, Eichler et al 14 has previously proposed that an uninterrupted series of 34 to 38 CGG repeats delineates a threshold of allele instability for expansion in future generations. Because the CGG RP PCR provides insights into the AGG interruption pattern, and thus the number of consecutive (CGG) n repeats, on each interrogated sample, the routine use of this assay for FMR1 analysis may support additional clinical research in this area without the need for dedicated DNA sequencing or restriction enzyme mapping assays. Knowledge of the sequence context of AGG elements may also provide insights into the risk prediction or clinical features of fragile X-associated primary ovarian insufficiency and/or fragile X-associated tremor/ataxia syndrome.
It may be instructive to compare the capabilities of the three-primer, CGG RP PCR, with the recently published FMR1 PCR configuration that was evaluated with common reagents, but only two gene-specific primers. 8 For example, both technologies generated full-length amplicons that encompass the entire CGG repeat region. Both methods detected all full mutation alleles from blinded clinical specimens, including male and female samples composed of expanded alleles with up to 1300 CGG, and produced concordant results with one another and in excellent agreement with Southern blot analysis. Both methods provided accurate assessments of sample zygosity. However, zygosity was inferred from the twoprimer, gene-specific PCR inasmuch as the expanded allele in all female heterozygous samples was detected in every case. 8 In contrast, zygosity was independently confirmed for female heterozygous alleles with the RP PCR by virtue of a CGG-specific product profile that was only produced when a longer allele was present, even if that allele could not be amplified as a full-length product (Figure 4 ). In addition, the RP PCR, but not the genespecific PCR, enabled absolute triplet repeat quantification up to ϳ200 to 220 CGG repeats by producing a series of discrete CGG-specific amplicon peaks. Last, the CGG-specific product profile could be exploited to reveal the number and placement of AGG elements in many samples.
An obvious question is how the novel gene-specific PCR 8 and the CGG RP PCR reagents relate to one another to support accurate and efficient FMR1 analysis. One important benefit of the two-primer, gene-specific PCR is that the relatively few products that are generated are amenable to semiautomated allele calls, which can greatly reduce the burden of analysis, particularly for projects associated with large sample volumes. In contrast, RP PCR produces a multiplicity of peaks that require manual, hence more time-consuming, analyses for each sample. RP PCR also provides direct evidence of sample heterozygosity, which must be inferred from the gene-specific PCR. One possibility is to evaluate all incoming samples with the gene-specific PCR and then use CGG RP PCR as a confirmatory method for specific samples, as previously proposed. 10 On the other hand,one PCR strategy may be better suited than the other to meet the requirements of different laboratory environments. In either case, the distinctions between the two formats suggest that both PCR technologies can better serve the fragile X community than either one alone.
In summary, the FMR1 CGG RP PCR reagents described here provide detailed genotyping data that may have particular utility for fragile X clinical research. The technology addresses long-standing limitations in FMR1 PCR analysis that have necessitated the use of much lower throughput and laborious Southern blot analysis. As a result, the capabilities of the RP PCR may reduce the burden of Southern blot analysis to only those samples that require methylation information, which are typically Յ2% of the total samples processed by large clinical reference laboratories. 23 Moreover, the PCR reagents described both here and previously 8 may support PCRbased methylation assessments of FMR1 alleles using methylation-sensitive restriction enzymes. As a result, the RP PCR technology, and the corresponding gene-specific PCR technology, 8 represents an important step toward a PCR-only workflow for FMR1 analysis.
